HLA-G is a non-classical human leukocyte antigen expressed primarily in fetal tissues at the maternal-fetal interface. This expression pattern is unique among HLA genes and suggests that HLA-G may be involved in interactions that are critical in establishing and/or maintaining pregnancy. To evaluate the role of polymorphisms at this locus in maternal-fetal interactions, 113 couples with unexplained recurrent miscarriage were genotyped for seven polymorphisms that define 12 HLA-G alleles. Logistic regression analysis was used to assess whether HLA-G genotypes were associated with an increased risk for a subsequent miscarriage. The presence of an HLA-G*0104 or HLA-G*0105N allele in either partner was significantly associated with an increased risk for miscarriage, after adjustment for maternal age, number of previous miscarriages, history of a previous liveborn, and treatment with paternal mononuclear cells. The *0104 and *0105N alleles are defined by polymorphisms in the α-2 domain and encode protein variants that are present only in the full-length HLA-G1 protein. The significant genotype-specific risk in this population suggests that allelic variation in the α-2 domain of the HLA-G1 isoforms contributes to recurrent miscarriage.
Introduction
The first reports of a non-classical HLA gene expressed in the extravillous cytotrophoblast of the placenta (Redman et al., 1984; Ellis et al., 1986) and subsequently identified as HLA-G (Ellis et al., 1990; Kovats et al., 1990) , brought the promise of new insight into the 'riddle of the fetal allograft' (Hunt et al., 1992; Schmidt and Orr, 1993) . However, as data about this gene continue to accumulate, a clear idea of its function in maternal-fetal interactions remains elusive. This is due, in part, to the inherent complexities of HLA-G biology including its pattern of differential RNA splicing, the lack of antibodies to distinguish among all HLA-G protein isoforms, the co-expression of HLA-E and HLA-C in the extravillous cytotrophoblast, and the absence of a good animal model. Although splice variants of HLA-G were described as early as 1992 (Ishitani and Geraghty, 1992) , to date there is little known about the differential roles of these proteins in pregnancy. Ribonuclease protection data suggest that the fulllength membrane-bound variants (HLA-G1) account for the most abundant message in placental tissue (Ishitani and Geraghty, 1992; Hiby et al., 1999) , and may be the only isoform expressed at the cell surface (Bainbridge et al., 2000a; Mallet et al., 2000) . On the other hand, soluble forms of the G1 isoform (Rebmann et al., 2001) as well as the shorter (HLA-G2) isoform have been detected in maternal serum (Hunt et al., 2000) . However, the lack of antibodies that discriminate between the protein isoforms has made it difficult to characterize the natural history and differential expression pattern of these proteins. Furthermore, while HLA-G is the predominant HLA protein in the extravillous cytotrophoblast (Hunt and Orr, 1992; Le Bouteiller and Blaschitz, 1999) , HLA-C and HLA-E are co-expressed (Wei and Orr, 1990; Houlihan et al., 1995; King et al., 1996) , potentially confounding functional studies. Finally, the use of a model organism, such as mouse with its well-characterized histocompatibility genes and powerful genetic toolbox, is hampered by the differences in placental development and anatomy (Wooding and Flint, 1994) and the lack of a murine HLA-G homologue (Cao et al., 1999) .
An alternative approach to elucidating the role of HLA-G in pregnancy is to study the relationship between HLA-G genotypes and expression patterns in patients with abnormal pregnancies. For example, a number of studies of HLA-G in pre-eclamptic (PE) pregnancies have suggested that expression of HLA-G protein is reduced in term placentas of PE compared with normal pregnancies (Hara et al., 1996; Lim et al., 1997) . However, the lack of association between a null allele (HLA-G*0105N) for the full length isoform and PE suggests that the G1 isoform is not likely to be involved (Aldrich et al., 2000) . Surprisingly, there have been relatively few studies of HLA-G and miscarriage, the most common disorder in pregnancy. Three small studies examined a subset of HLA-G polymorphisms (Karhukorpi et al., 1997; Penzes et al., 1999; Yamashita et al., 1999) , each in fewer than 40 couples with recurrent miscarriage. None of these studies found an association between HLA-G genotypes and recurrent miscarriage, but the small sample sizes and the incomplete genetic analyses make it difficult to draw conclusions from these studies. It is particularly noteworthy that these studies did not genotype their subjects for the HLA-G*0104 or HLA-G*0105N alleles. Recently, Pfeiffer and colleagues studied all HLA-G alleles in 78 couples with recurrent miscarriage and 52 controls. They reported an increased frequency of the HLA-G*01013 and HLA-G*0105N alleles in the recurrent miscarriage cases compared with controls, and suggested that this subgroup of patients might benefit from treatment with immunotherapy, such as paternal cell immunization (Pfeiffer et al., 2001) .
We initiated this study to fully characterize the HLA-G alleles in both partners of 113 couples with a history of three or more unexplained miscarriages and who participated in a randomized clinical trial evaluating the efficacy of treatment with paternal mononuclear cell immunization (Ober et al., 1999) . To determine whether HLA-G genotype is a marker for a subgroup of patients who might benefit from immunotherapy, we also examined interactions between HLA-G genotype and efficacy of treatment and the effect of genotype on subsequent pregnancy outcome. These studies provide further insight into the possible role of HLA-G in pregnancy.
Materials and methods

Patients
Patients were recruited from six centres in the USA and Canada as part of the Recurrent Miscarriage (REMIS) study, a randomized clinical trial evaluating the efficacy of paternal mononuclear cell immunization as a treatment for unexplained recurrent miscarriage (Ober et al., 1999) . All participating centres had approval from the local institutional review board and all patients gave their informed consent. Patients were enrolled in the study if they had three or more previous miscarriages (excluding chromosomally abnormal fetuses and ectopic pregnancies), no more than one live born child with the current partner, were aged Ͻ41 years at the time of recruitment, and had no identifiable causes for their previous history of recurrent miscarriages, including anatomic, endocrinologic, cytogenetic and autoimmunologic causes. The diagnostic screening protocol included cytogenetic studies in both parents, luteal-phase serial progesterone measurements or in-phase endometrium biopsy, measurement of thyrotrophin concentrations in serum, assays of antibodies to cardiolipin and lupus anticoagulant, and analysis of intrauterine contour by hysterosalpingography, sonohysterography or hysteros-1168 copy. Patients were randomized to a treatment (immunization with husbands' mononuclear cells) or control (immunization with saline) group; all study subjects received 'tender loving care' in the first trimester, including weekly ultrasound examinations (Ober et al., 1999) .
Forty couples who were randomized but did not achieve a pregnancy within the 12 month study window (Ober et al., 1999) were not included in this study because DNA was not collected until pregnancy occurred. Of the 131 couples who achieved a pregnancy in the REMIS trial, 113 were included in this study. Sixteen couples were excluded because DNA was not obtained from both partners. Two additional couples were excluded because each of the partners had different HLA alleles, which precluded them being classified into either a high or low risk genotypic class (see Results). Among the 113 couples, 107 were Caucasian, two were African-American, two were Hispanic, one was East Asian and one was Asian-Indian. Mean maternal age was 32.6 years (SD 4.8; range 22-41) and the mean number of previous miscarriages was 4.4 (SD 1.7; range 3-13). Twenty-eight (25%) of the couples had a previous liveborn. A total of 61 received treatment with their partner's mononuclear cells and 52 received saline as a placebo. There were 63 subsequent successful outcomes (i.e. delivered a live born child) and 50 experienced another miscarriage. All losses occurred prior to 28 weeks gestation.
HLA-G genotyping
Twelve alleles at the HLA-G locus were genotyped in both partners by probing dot-blotted DNA with sequence-specific oligonucleotide probes. Exons 2 and 3 of HLA-G were amplified with primers complementary to intron 1 and 3 sequences (Primer G2i5: GAGGGT-CGGGCGGGTCTCAAC and Primer G3i31: CTCCTTGTGCTA-GGCCAGGCTGA). The polymerase chain reaction (PCR) included an initial denaturing step at 95°C for 3 min, followed by 35 cycles at 95°C for 15 s, 65°C for 80 s, and 72°C for 30 s with a final extension of 72°C for 5 min. These highly stringent PCR conditions and intronic primers specifically amplified exons 2 and 3 of HLA-G, as confirmed by sequencing of representative PCR products. The PCR product was denatured and 'dotted' on nylon membranes by vacuum. A positive and negative control for each polymorphism were included on each blot. The blots were hybridized to singlestranded oligonucleotide probes specific for the nucleotide polymorphisms at codons 31 (A/T, Probe GP31a: XGTGGACGACACGC-AGTTCG and Probe GP31t: XGTGGACGACTCGCAGTTCG ), 57 (G/A, Probe GP57g: XCCCAATACTCCGGCCCCTC and Probe GP57a: XGAGGGGCCAGAGTATTGGG), 69 (C/T, Probe GP69c: XACGCCAAGGCCCACGCACA and Probe GP69t: XCTGTGC-GTGAGCCTTGGCG), 93 (C/T, Probe GP93c: XCAGGTTCTCACA-CCCTCCAG and Probe GP93t: XCTGGAGGGTATGAGAACCTG), 107 (A/T, Probe GP107a: XGTCCGACGGACGCCTCCT and Probe GP107t: XGTCCGACGGTCGCCTCMT), 110 (C/A, Probe GP110c: XGGCGCCTCCTCCGCGGGT and Probe GP110a: XGGCGCC-TCATCCGCGGGT) or 130 (C/∆C, Probe GP130w: XGAACGAGG-ACCTGCGCTCC and Probe GP130d: XGAACGAGGACTG-CGCTCCT) (X ϭ biotin for all probes). The specific pattern of positive probes was used to determine the following HLA-G alleles: HLA-G*01011/6, *01012/g (van der Ven et al., 1998) , *01013, *01014, *01015, *01017, *01018, *0103, *01041, *01043, *01046, (van der Ven et al., 1998) , and *0105N (Table I) . This protocol identified all polymorphisms that result in amino acid substitutions or that otherwise affect the protein structure, but probes were not designed to distinguish among all silent variants of the *0101 allele (*01011/*01016 and *01012/*0101g) and the *0104 allele (*01041/ *01042 and 01042/*01043). 
Statistical analysis
The proportion of couples with successful pregnancy outcomes following entry into the clinical trial (Ober et al., 1999) was compared among HLA genotypes by Fisher's exact test for general rϫc tables (Mehta and Patel, 1983) . Because both maternally-and paternallyinherited HLA-G alleles are expressed in placental tissues (Hashimoto et al., 1997; Hiby et al., 1999) , both male and female partners' genotypes were considered. Logistic regression was used to assess the effect of HLA-G genotypes on pregnancy outcome. Three epidemiological variables that are known to influence recurrent miscarriage (maternal age, number of previous miscarriages, previous live born child) were included in the analyses, as in our previous report (Ober et al., 1999) . In addition, the assigned treatment group in the randomized trial (treatment ϭ 1/control ϭ 0) was included as a fourth covariate. A fifth covariate was a genotype indicator for each couple, categorizing couples for the presence or absence of the 'high risk' genotypes identified in the first analysis, described above. In addition, interactions between the epidemiological/clinical and genetic variables were evaluated.
Results
HLA-G allele frequencies in wives and husbands are shown in Table I . Because the frequency of the HLA-G*01013 allele did not differ between couples with successful and failed pregnancies (0.27 and 0.26 respectively), we considered this allele together with the other *0101 alleles that do not differ at the amino acid level (Table I) . Success and failure rates for the HLA-G allelic classes, i.e. those that differ at the amino acid level, are shown in Table II . We separately examined couples in which both partners carried two copies of the common *0101 alleles (including *01011, *01012, *01013, *01014, *01015, *01016, *01017, *01018 and *0101g) and those couples in which at least one partner carried at least one copy of the *0103 (0103-positive), *0104 (0104-positive) or *0105N (0105N-positive) alleles. In two couples with successful outcomes, one partner was positive for *0103 and the other partner was positive for *0104. These couples could not be categorized and were therefore excluded from the analyses. Of those who remained in the study, one male partner was homozygous for the *0104 and another male partner was homozygous for the *0103 allele. All remaining individuals with a non-*0101 allele on one chromosome carried the common *0101 allele on the other chromosome. Success rates differed between couples with different HLA-G genotypes (P ϭ 0.010) ( Table II) . The results were similar if couples with karyotypically abnormal conceptuses were excluded (P ϭ 0.009). It is notable that four female and one male partner carried the HLA-G*0105N allele. This is a null allele for the full-length, G1 isoform and is particularly common among populations of African descent but relatively rare among Caucasians (Hviid et al., 1997; Ober et al., 1998; van der Ven et al., 1998; Alvarez et al., 1999; Hiby et al., 1999; Loke et al., 1999) . Surprisingly, in this sample four of the five carriers of this null allele were Caucasian. Overall, failure rates were higher in couples where at least one partner carried the *0104 or *0105N alleles. The frequency of *0104 or *0105N carriers was higher in 35 couples with five or more losses compared with 78 couples with only two or three previous losses (37 versus 26%), however this difference did not reach statistical significance (P ϭ 0.214). Based on these results and the fact that both the *0104 and *0105N polymorphisms are in the α-2 domain and neither affect the G2 isoforms, couples were classified as *0104-or *0105N-positive versus all others for the logistic regression analysis. Logistic regression analysis was used to adjust for epidemiological and clinical variables and to further quantify the risk associated with HLA-G genotypes (Table III) . The number of previous miscarriages [odds ratio (OR) 1.36; 95% confidence (Ober et al., 1999) . Neither the absence of a previous liveborn nor maternal age was significantly associated with outcome in this sample. The lack of association with maternal age was surprising because of the well-established association between maternal age and risk of miscarriage (Wilson et al., 1984) . However, the couples in this study were selected because of a history of three or more prior miscarriages and the effects of maternal age on miscarriage risk may be less important in these couples, as our data suggest. The presence of the *0104 or *0105N alleles in either partner was a highly significant predictor of pregnancy outcome (OR 3.62; 95% CI 1.45, 9.03; P ϭ 0.006) (Table III) . These results were still significant after exclusion of the seven nonCaucasian couples (OR 3.58; 95% CI 1.4, 9.10; P ϭ 0.008), patients with a previous liveborn (OR 2.78; 95% CI 1.02, 7.52; P ϭ 0.045) and couples with a subsequent karyotypically abnormal miscarriage (OR 4.94; 95% CI 1.83, 13.31; P ϭ 0.002). There were no significant interactions between being positive for *0104 or *0105N and any of the demographic or clinical variables, including treatment with mononuclear cell immunization (P Ͼ 0.10 for all interactions). Because of the previous results of Pfeiffer et al. (Pfeiffer et al., 2001) , we also separately examined the effects of the *01013 allele in the logistic model. In our patient sample, this allele was not a significant predictor of subsequent pregnancy outcome (OR 1.26; 95% CI 0.51, 3.10; P ϭ 0.614).
Discussion
Although it has been known for nearly a decade that HLA-G is the major HLA molecule expressed in the extravillous cytotrophoblast of the placenta, the role of HLA-G with respect to pregnancy outcome remains to be elucidated. This study reports a novel association of the HLA-G*0104 allele with pregnancy loss in couples with unexplained recurrent miscarriage and further supports an association between the HLA-G*0105N allele and recurrent miscarriage (Pfeiffer et al., 2001) . The association with the *0104 allele was unexpected as the allele is defined by a conservative amino acid change of a leucine to an isoleucine at amino acid 110 in exon 3, which encodes the α-2 domain of the full-length G1 isoforms. These data suggest that there may in fact be a functional difference between these alleles and that the HLA-G1 isoforms play a critical role in fetal survival. The presence of five individuals carrying the HLA-G*0105N allele was also surprising in this predominantly Caucasian population because this allele is generally rare or absent in populations of European descent (Hviid et al., 1997; Ober et al., 1998; van der Ven et al., 1998; Alvarez et al., 1999; Hiby et al., 1999; Loke et al., 1999) , although this frequency is similar to that found in another sample of Caucasian couples with recurrent miscarriage (Pfeiffer et al., 2001) . Thus, these combined results indicate that HLA-G*0105N, which is a null allele for the HLA-G1 isoforms, is a risk factor for recurrent miscarriage. In addition, our study suggests that the HLA-G*0104 allele also confers risk, further implicating a critical role for the G1 isoforms in maintenance of pregnancy.
We did not confirm the recent report of an association with the HLA-G*01013 allele (Pfeiffer et al., 2001) . The *01013 allele differs from other *0101 alleles by silent variation in exons 2 and 3 and does not encode a different protein. Thus, it is likely that the *01013 allele is a marker for additional variation on the same haplotype with the *01013 allele in their population. This could be due to variation in the promoter region, as suggested in one published studey (Pfeiffer et al., 2001) . We sequenced the HLA-G promoter and upstream control region for polymorphisms in the subjects in this study and found at least three different promoter haplotypes associated with the *01013 allele (Aldrich, 2001) . It is possible that the predominant promoter region haplotype associated with *01013 in the German study differs from the predominant haplotypes in our sample, thus accounting for the differences in our results. Alternatively, differences could be due to sample heterogeneity or differences in study design. For example, our study excluded couples that did not become pregnant within 12 months following enrolment (Ober et al., 1999) .
One documented function of HLA-G1 is its interaction with natural killer (NK) cell inhibitory receptors (Pazmany et al., 1996; Hiby et al., 1997; Rajagopalan and Long, 1999; Sasaki et al., 1999) . However, the HLA-G1 isoforms have also been shown to inhibit T cells in several ways including induction of apoptosis (Fournel et al., 2000) , reduction of cytotoxicity in a concentration-dependent manner (Kapasi et al., 2000) and suppression of the allo-proliferative response (Bainbridge et al., 2000b) . Thus, it is possible that the amino acid change at position 110 decreases the efficiency with which HLA-G binds to and/or inhibits NK or T cells. The decreased expression of the HLA-G1 isoform in carriers of the *0105N allele could have the same general result of reduced inhibition of NK and/ or T cells in the placenta. While there are, at present, no studies of the specific residues of HLA-G that interact with NK inhibitory receptors, the analogous residue (at amino acid 110) in HLA-C does not contact the NK receptor that is specific for HLA-C (Boyington et al., 2000) . Likewise, there have been no studies to date that characterize the interaction of specific HLA-G motifs with receptors on the T cell. With so little information about the specific amino acid residues that are critical for inhibition of either NK cells or T cells, it is difficult to assess the impact of the *0104 allele on these interactions. Alternatively, this polymorphism may be in linkage disequilibrium with other variants in this or nearby genes. However, it seems unlikely that other variation in HLA-G accounts for our findings given the overall lack of polymorphism in the coding region of HLA-G (Hviid et al., 1997; Ober et al., 1998; van der Ven et al., 1998; Alvarez et al., 1999; Hiby et al., 1999; Loke et al., 1999) and the fact that variants in the promoter and upstream control regions showed no association with pregnancy outcome in this sample (Aldrich, 2001) . We cannot exclude the possibility that these effects are due to linkage disequilibrium with variants in a nearby gene, but this would require that the *0104 and *0105N alleles are each in linkage disequilibrium with alleles that are associated with miscarriage.
In this study, the presence of HLA-G*0104 and HLA-G*0105N alleles was unrelated to efficacy of treatment with paternal mononuclear cell immunization. Therefore, the HLA-G genotype of couples with a history of recurrent miscarriage would not identify a subgroup of patients that would benefit from this treatment. Nonetheless, the presence of the *0104 and *0105N alleles may identify a subset of patients with a specific genetic aetiology for their pregnancy losses. On the other hand, the presence of the *0104 and *0105N alleles in the fetus does not preclude successful outcomes as both alleles are found commonly in healthy adult populations (Ober et al., 1996 (Ober et al., , 1998 Suarez et al., 1997; Ober and Aldrich, 1997; Castro et al., 2000) . Although the role of different HLA-G isoforms in pregnancy is still poorly understood, these data suggest that the HLA-G1 isoform may play an important role in establishing and maintaining the fetal-placental unit in early pregnancy. Whether this is a result of interactions with NK cells, alloreactive T cells or other, as yet undefined, mechanisms is unknown. Further studies of HLA-G alleles in couples with recurrent miscarriage are needed to further elucidate the mechanism by which the HLA-G1 proteins facilitate successful pregnancy outcome. Nonetheless, our study and that of Pfeiffer et al. (Pfeiffer et al., 2001 ) establish a role for HLA-G in the maintenance of successful pregnancy.
